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Role of foliar spray of plant growth regulators in improving photosynthetic pigments and metabolites in Plantago ovata (Psyllium) under salt stress–A field appraisal
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Abstract: Salinity is one of the major abiotic factors that limit the growth and productivity of plants. Foliar application of plant growth regulators (PGRs) may help plants ameliorate the negative impacts of salinity. Thus, a field experiment was conducted at the Botanical Garden University of Balochistan, Quetta, to explore the potential role of PGRs, i.e., moringa leaf extract (MLE; 10%), proline (PRO; 1 µM), salicylic acid (SA; 250 µM), and thiourea (TU; 10 mM) in ameliorating the impacts of salinity (120 mM) on Plantago ovata, an important medicinal plant. Salinity hampered plant photosynthetic pigments and metabolites but elevated oxidative parameters. However, foliar application of PGRs enhanced photosynthetic pigments, including Chl b (21.11%), carotenoids (57.87%) except Chl a, activated the defense mechanisms by restoring and enhancing the metabolites, i.e., soluble sugars (49.68%), soluble phenolics (33.34%), and proline (31.47%), significantly under salinity stress. Furthermore, foliar supplementation of PGRs under salt stress led to a decrease of about 43.02% and 43.27% in hydrogen peroxide and malondialdehyde content, respectively. Thus, PGRs can be recommended for improved photosynthetic efficiency and metabolite content that can help to get better yield under salt stress, with the best and most effective treatments being those of PRO and MLE to predominately ameliorate the harsh impacts of salinity.
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Introduction

Salinity is one of the major abiotic stresses affecting agriculture worldwide (Hafeez et al., 2021; Raza et al., 2022a). Over 45 million hectares of irrigated area, which accounts for 20% of the total area, have been vandalized. Each year, 1.5 million hectares of cultivable lose productivity due to saline conditions (Munns and Tester, 2008). Soil salinity adversely affects plant growth, development, and eventually successful crop stand establishment (Saddiq et al., 2019; Granaz et al., 2022). It affects various morpho-physiological attributes, such as the rate of photosynthesis, by affecting photosynthetic pigments, stomatal conductance, and chlorophyll (Chl) fluorescence (Saddiq et al., 2021a; Hafeez et al., 2021; Raza et al., 2022a). Photosynthesis is a key metabolic pathway; a higher rate of photosynthesis leads to normal plant growth under abiotic stress. The photosynthetic activity declines under salinity due to both stomatal and non-stomatal limitations (Zahra et al., 2022; Zahra et al., 2021a). The deficiency of nutrients under salinity is due to the Na and Cl ion that affects the uptake, transport, and distribution of nutrients within plants (Iqbal et al., 2019). The micronutrient availability in saline soil depends upon their solubility and soil pH. NaCl can also affect the micro-nutrient concentration depending on the crop species and salinity level (Rashad and Hussien, 2014; Shrivastava et al., 2019).

Plant growth regulators (PGRs) show diverse functions in plants under various stress conditions (Sabagh et al., 2021; Mir et al., 2022; Dai et al., 2022; Corpas et al., 2022). These are chemical messengers are produced in plants in small concentrations and control several morpho-physiological and biochemical attributes of plants (Ahmad et al., 2022; Mubarik et al., 2021; Sabagh et al., 2021; Mir et al., 2022; Raza et al., 2022b). The amino acid proline (PRO) is an osmolyte that is produced and accumulated under different environmental stresses, such as salinity stress (Mundada et al., 2021). The exogenous application of PRO to plants under salinity stress enhances their growth and physiological and biochemical attributes by alleviating and hampering the negative impacts of salinity stress (Tabssum et al., 2019). Thiourea (TU) is a synthetic compound containing sulfur and nitrogen and is increasingly being explored as a PGR under abiotic stresses (Patade et al., 2020). In pearl millet, TU treatment improved PRO content, relative water content, and total Chl and, consequently, improved grain yield while reducing lipid peroxidation under salt stress (Yadav et al., 2020). Salicylic acid (SA) is a common plant-produced phenolic compound that can function as a PGR, although there are various reports of positive physiological and biochemical functions of SA in plants under stress conditions (Sabagh et al., 2021; Shaukat et al., 2022). Exogenous application of SA increases the Chl contents and enhances the accumulation of glycine betaine, PRO, and total phenolic contents, which boosts the activities of antioxidant enzymes and the growth of Gladiolus grandiflorus (Ferdosi et al., 2021). Moringa leaf extract (MLE) is a vital PGR, acknowledged among the scientific community because it is a rich source of vitamins, growth hormones, mineral nutrients, and antioxidants (Aslam et al., 2020, Khan et al., 2021). A recent study showed that supplementation with MLE improved growth and yield attributes in milk thistle under saline conditions (Zahra et al., 2021b).

Plantago ovata Forssk. is a member of the family Plantaginaceae. It is an herb that is known by different names, such as psyllium, jiru, and aspaghol (Shah et al., 2020). It is grown in many regions due to its medicinal properties (Sabzehzari et al., 2019). The seed of plantago is used because it contains pharmacologically beneficial compounds (plantiose sugar, aucubin, and glycoside) and many secondary metabolites (Franco et al., 2020). Several studies have documented the medicinal potential of Plantago; however, there is no report on this medicinally important plant with respect to its salinity tolerance potential after exogenous supplementation of various PGRs and the impact on physiological and metabolic attributes of its growth in the environmental regimes of Quetta, Balochistan, Pakistan. Hypothesizing that “exogenous supplementation of PGRs may mitigate salinity stress by improving the physio-biochemical attributes of Plantago ovata”, an attempt was made to evaluate the comparative efficacy of PGRs and to delineate physiological mechanisms mediating salinity tolerance in P. ovata.

Materials and Methods

Field experiment and layout

A field experiment was conducted at the Botanical Garden University of Balochistan Quetta (Pakistan). The design of the experiment was randomized complete block design (RCBD) under factorial. The plots were divided into two major plots, control and salinity. Furthermore, each plot has treatments of PGRs with three replications (3 rows). Seeds of P. ovata were sown at a one-inch depth, with the row-to-row and plant-to-plant spacing of 1 ft. After 10 days of germination, salt solution was applied to the field (120 mM of salt solution was prepared and applied after calculating the field capacity of the experimental field soil); to avoid leaching, a salt black sheet was placed at a depth of 5 ft (this black sheet was used to prevent leaching of salt to nearby field plants). After one week of salt stress, optimized levels (i.e., levels selected based on preliminary trials; data not shown) of TU (10 mM), MLE (10%), SA (250 µM), and PRO (1 µM) applied as foliar treatment in comparison to water spray (H2O Spray) and no foliar spray (NFS) to both fields, i.e., control (Con) and salt-stressed (SS). After a week of foliar treatment, plants were harvested, and data for various attributes were recorded.

Analysis of the photosynthetic pigments

Chlorophyll contents were determined by following the method of Arnon (1949). For extraction, 0.1 g of leaves were ground in 1-2 mL of 80% acetone, maintained the final volume to 10 mL using acetone 80%. The absorbance was measured at 663, 645, and 480 nm, keeping 80% acetone as blank.


Chlorophylla=(1.27×A663−2.69×A645)×V/1000×W


Chlorophyllb=(22.9×A645−4.68×A663)×V/1000×W

Carotenoid content was estimated following the method of Kirk (1967).

The absorbance showed unit as Acar per gram fresh weight


Acar/480persegmentofleaf=(A480+0.144.A663−0.638×A645/2500)×1000

V = volume of acetone extract

W = leaf weight (gram fresh weight).

Determination of anthocyanins

The anthocyanin content of both the shoot and root was determined by using the method of (Stark and Wray, 1989). Briefly, 0.1 g of plant sample (both shoot and root) were used to extract 1 to 2 mL of acidified methanol. The sample was placed in a water bath for 1 h at 50°C. The absorbance was measured at 535 nm using a spectrophotometer using acidified methanol as blank.

Soluble sugars

Soluble sugars (in shoot and root) were determined by the method developed by Yoshida and Coronel (1976). The sample (0.1 g) was taken and boiled in 5 mL of distilled water in a water bath for 1 h; from this, 1 mL of extract was taken, and 9 mL of distilled water was added for dilution. From this extract, 0.5 mL of extract was taken, and 5 mL of anthrone reagent was added and placed in a water bath for 20 min at 90°C. Later, absorbance was read at 620 nm using a spectrophotometer. Distilled water was used as blank.

Soluble phenolics

Soluble phenolics of both shoot and root were determined by using Julkunen-Tiitto (1985) method. In short, 0.1 g of the sample was ground in 1–2 mL of 80% acetone. In the test tube, we added 1 mL of distilled water and 100 µL of the sample extract, followed by the addition of 0.5 mL of Folin phenol reagent and 2.5 mL of the 20% sodium carbonate. The samples were vortexed, and absorbance was noted at 745 nm using an 80% acetone blank.

Estimation of proline

For the estimation of free PRO, the method of Bates et al. (1973) was used. Briefly, 0.1 g fresh sample (shoot and root) was ground in 1–2 mL of 3% sulfosalicylic acid, and then the extract was filtered. Then, 1 mL of extract, 1 mL each of ninhydrin, and glacial acetic acid were added in each test tube. Then test tubes were shifted to a water bath for 1 h at 100°C; after that, the samples were shifted to an ice bath, and 2 mL of toluene was added, vortexed, and the absorbance was recorded at 520 nm. As a blank, 3% sulfosalicylic acid was used.

Hydrogen peroxide (H2O2) contents

Hydrogen peroxide was determined by the method developed by Velikova et al. (2000). Briefly, 0.1 g fresh plant sample was ground in 2 mL of 0.1% (w/v) trichloroacetic acid (TCA) under pre-chilled conditions (placed on ice bath). The extract was centrifuged at 12,000 rpm for 15 min. The supernatant (0.5 mL) was mixed with potassium phosphate buffer (0.5 mL, pH 7.0) and 1 mL of potassium iodide solution, and then thoroughly mixed. Absorbance was measured at 390 nm, and distilled water was used as blank.

Malondialdehyde (MDA) content

MDA was determined following the method developed by Heath and Packer (1968). Briefly, 0.1 g of fresh plant sample was ground in 1 mL of (1% w/v) TCA and centrifuged at 12,000 rpm for 15 min. Then, 1 mL of suspension was taken and mixed with 1 mL of 0.5% thiobarbituric acid in 20% TCA [0.5% in 20% (w/v) TCA] and kept in a water bath preheated at 90°C for 50 min. Extracted sample was cooled in an ice bath. The absorbance was measured at 532 and 600 nm. TCA (1%) was used as a blank.

Statistical analysis

The data was statistically analyzed using “STATISTICX 8.1” (Analytical Software, Tallahassee, Florida), and the mean, SD, and graphs were generated using MS EXCEL. Furthermore, a post hoc test, i.e., the least significant difference (LSD), was used, and the labels/alphabets were added to graph bars of statistically significant attributes (P < 0.05).

Results

Photosynthetic pigments

Data obtained for Chl a of plantago grown under salt stress (SS) showed statistically significant results (P < 0.05). Under control conditions, TU led to the maximum Chl a (3.89 mg/g FWT) while MLE treatment led to the minimum (1.27 mg/g FWT) content; however, under saline conditions, Chl a content was the highest and the lowest when SA was applied (Fig. 1A). TU and SA foliar supplementation predominately increased Chl a content by about 80.40% and 26.42%, respectively, under control conditions; however, Chl a content decreased several folds under salt stress. Thus, Chl a of P. ovata was affected under salinity stress (Fig. 1A).
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Figure 1: Changes in photosynthetic pigment contents. A = chlorophyll a, B = chlorophyll b, C = carotenoid content of Plantago ovata as affected under salinity stress. Plants were foliar-treated with different PGRs.

Data obtained for Chl b showed statistically significant results (P < 0.05). TU (Con) had maximum Chl b content (3.53 mg/g FWT), while minimum content (0.62 mg/g FWT) was observed in NFS (Con) (Fig. 1B). Considering the overall improvements in plantago Chl b content, it was observed that salinity affected the Chl b content, while a foliar spray of PGRs, especially PRO, predominately alleviated the negative impact of salinity stress (Fig. 1B).

Carotenoids

Data obtained for the carotenoids (Caro) showed no statistically significant differences (P > 0.05). TU had the maximum (0.92 mg/g FWT), while MLE had the least carotenoid content (0.49 mg/g FWT) under control conditions (Fig. 1C). Exogenous supplementation of PGRs increased carotenoid contents by 24.42%–77.33% and 11.15% to 57.87% under control and salinity, respectively. TU predominantly increased carotenoid content by 77.33% and 57.87% under control and salinity correspondingly, thus evidently confirming the potential role of TU to alleviate salinity stress (Fig. 1C).

*NFS = no foliar spray, H2O = water spray, SA = salicylic acid (Foliar Spray), TU = thiourea (foliar spray), PRO = proline (foliar spray), MLE = moringa leaf extract (foliar spray). Different alphabets/letters on bars represent statistically significant interactions (P < 0.05) according to the least significant difference test.

Bars lacking the labels show non-significant interactions at P < 0.05.

Determination of Metabolites and Osmoprotectant

Anthocyanin content

Data obtained for the shoot anthocyanin content (SAC; Fig. 2A) showed statistically significant results (P < 0.05) under saline and control conditions. The data revealed that TU (SS) had a maximum (2.32) anthocyanin content and a minimum (0.14) H2O under normal conditions (Fig. 2A). Exogenous supplementation of PGRs increased shoot anthocyanin content by 126.03%–461.22% and 8.89%–130.13% under control and salinity stress, respectively. MLE is the most effective treatment under control and TU under salinity stress (Fig. 2A).
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Figure 2: Changes in plant metabolites. A = shoot anthocyanin, B = root anthocyanin, C = shoot soluble sugar, D = root-soluble sugar, E = shoot soluble phenolics, F = root Soluble phenolics of Plantago ovata as affected under salinity stress; plants were foliar treated with different PGRs.

Furthermore, results obtained for root anthocyanin content (RAC; Fig. 2B) showed statistically significant results (P < 0.05) under both conditions. Data illustrated that anthocyanin contents were higher under TU (SS), and a minimum was observed in TU (Con) (Fig. 2B). TU foliar treatment increased root anthocyanin content by 101.63% under salinity stress; however, PRO treatment increased root anthocyanin by 177.78% and 111.87% under control and salinity stress, respectively (Fig. 2B).

Soluble sugars

Data obtained for shoot soluble sugars (SSS; Fig. 2C) content showed statistically significant results (P < 0.05). Plantago plants under H2O spray had maximum (9.77 µmol/g FWT) soluble sugar content and minimum observed (6.53 µmol/g FWT) in SA under control conditions. Thus, foliar application of MLE alleviated salinity stress predominately after water foliar spray. Exogenous supplementation of PGRs increased SSS content under salinity stress by 32.74%–45.74%, with SA being the most effective treatment (45.74%) (Fig. 2C).

Furthermore, results recorded for the root-soluble sugar (RSS; Fig. 2D) content showed statistically significant results (P < 0.05). TU had maximum soluble sugar content (10.45 µmol/g FWT) and minimum content (9.58 µmol/g FWT) observed in PRO treatment under control conditions (Fig. 2D). Results revealed that the root-soluble sugar content of P. ovata was affected under salinity stress. However, foliar application of SA ameliorated the negative impacts of SS and increased root-soluble sugar content by 41.94% (Fig. 2D).

Soluble phenolics

Data obtained for the shoot soluble phenolics (SSP; Fig. 2E) of plantago grown under salt stress (SS) showed statistically non-significant results (P < 0.05). Data further suggested that PRO-treated plants treated had maximum SSP content (9.22 µmol/g FWT) and minimum observed (7.48 µmol/g FWT) in SA plants under control conditions (Fig. 2E). Foliar supplementation of PGRs successfully ameliorated the negative impacts of salinity by increasing SSP in plantago by about 7.01%–33.34%, with SA the most effective treatment increasing SSP by 33.34% under SS (Fig. 2E).

Considering data obtained for root soluble phenolics (RSP; Fig. 2F) showed significant results (P < 0.05). Data recorded reveal that H2O spray had maximum RSP content (34.53 µmol/g FWT) and least content (27.29 µmol/g FWT) observed in H2O spray plants under saline conditions (Fig. 2F).

An increase in both shoot and root soluble phenolics content under salinity stress validates that the concentration of secondary metabolites increases as a part of its defense mechanism; thus, exogenous supplementation of PGRs enhances the tolerance potential of plants to withstand stress effectively (Fig. 2F).

*NFS = no foliar spray, H2O = water spray, SA = salicylic acid (foliar spray), TU = thiourea (foliar spray), PRO = proline (foliar spray), MLE = moringa leaf extract (foliar spray).

Different alphabets/letters on bars represent statistically significant interactions (P < 0.05) according to the least significant difference test. Bars lacking the labels show non-significant interactions at P < 0.05.

Free proline

Data obtained for shoot-free PRO (SFP) content showed statistically non-significant results (P > 0.05). Under saline conditions, SFP content was maximum when MLE (13.53 mg/g) was applied, and minimum content when H2O2 (9.17 mg/g) was applied while the maximum content was noted (13.23 mg/g) when MLE was applied, and the minimum content (8.25 mg/g) was observed in NFS under control conditions. MLE increased SFP content by 60.37% under control conditions, while the content increased by 31.47% under salinity stress (SS; Fig. 3A).
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Figure 3: Changes in Osmoprotectant. A = shoot proline B = root proline content of Plantago ovata as affected under salinity stress. Plants were foliar treated with different PGRs.

Data recorded for root-free PRO (RFP) showed statistically significant results (P < 0.05); maximum PRO content observed (16.43 mg/g) in MLE (SS) while minimum content (9.44 mg/g) observed under MLE (Con) (Fig. 3B). MLE was predominately the best treatment under SS improving RFP content by about 48.33%. Furthermore, TU and PRO increased root-free PRO by 40.61% and 39.52%, respectively, under control conditions (Fig. 3B).

*NFS = no foliar spray, H2O = water spray, SA = salicylic acid (foliar spray), TU = thiourea (foliar spray), PRO = proline (foliar spray), MLE = moringa leaf extract (foliar spray).

Different alphabets/letters on bars represent statistically significant interactions (P < 0.05) according to the least significant difference test. Bars lacking the labels show non-significant interactions at P < 0.05.

Oxidative Stress Determination

Hydrogen peroxide (H2O2)

Data pertaining to shoot H2O2 showed statistically significant results (P < 0.05). The highest content of H2O2 in the shoot was observed (91.19 µmol/g) under NFS (SS), while the lowest was observed (50.43 µmol/g) under H2O (Con). H2O2 concentration in the shoot decreased under foliar supplementation of PGRs by about 14.50% to 17.28% under control and 4.09%–43.02% under salinity stress, thereby protecting membrane integrity by reducing the generation of reactive oxygen species (Fig. 4A).
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Figure 4: Changes in oxidative-stress parameters. A = shoot H2O2, B = root H2O2, C = shoot MDA, D = root MDA content of Plantago ovata as affected by salinity stress. Plants were foliar-treated with different PGRs.

Data obtained for root H2O2 concentration of P. ovata under salinity stress reported statistically significant results (P < 0.05) (Figs. 4A and 4B). Root H2O2 content was the highest (90.78 µmol/g) for NFS (SS), and the lowest (47.37 µmol/g) in PRO (Con) treated plants. Under the foliar supplementation of PGRs, root H2O2 decreased by 12.04%–27.05% under control and about 1.87%–23.47% under salinity stress (Fig. 4B).

The variations observed in both root and shoot H2O2 content in plantago revealed no such high degree of differentiation among root and shoot H2O2 contents, although, under salinity stress, H2O2 has been reported to account for a high content in both roots and shoot as compared to the control plants. In comparison to NFS salinity-treated plants, the concentration of H2O2 decreased under the foliar application of PGRs (notably PRO and SA), indicating that PGRs have a very beneficial role in alleviating or decreasing the negative effects of salinity by fulfilling the criteria for better plant growth and development in term of its morpho-physiological attributes (Figs. 4A and 4B).

Malondialdehyde (MDA)

Data recorded for both shoot and root MDA content of plantago under salinity stress showed significant results statistically (P < 0.05). The highest MDA content (642.83 mmol/g) was observed in NFS (SS), and the least amount of MDA (234.83 mmol/g) was observed in SA (Con). A decrease of about 18.43%–37.41% was observed under the control condition and about 2.89%–36.56% under salinity stress with PGRs supplementation (Fig. 4D).

Data obtained for shoot MDA content also showed statistically significant (P < 0.05) results; the maximum content of MDA was recorded (614.19 mmol/g) in NFS (SS), and the minimum MDA content in shoots (214.70 mmol/g) was observed in TU-treated (Con) plants (Fig. 4C). Shoot MDA content astonishingly decreased under salinity stress under the application of different PGRs, i.e., about 3.17%–40.33%.

The shoot MDA content of P. ovata plants was affected by salinity stress; however, the application of TU and PRO helped to reduce the effects of salinity stress. However, MDA content in the root was comparatively higher than in the shoot. The synergistic effects of PGRs were very helpful in alleviating the salinity stress in P. ovata by decreasing MDA content (Figs. 4C and 4D).

*NFS = no foliar spray, H2O = water spray, SA = salicylic acid (foliar spray), TU = thiourea (foliar spray), PRO = proline (foliar spray), MLE = moringa leaf extract (foliar spray), PGRs = plant growth regulators.

Different alphabets/letters on bars represent statistically significant interactions (P < 0.05) according to the least significant difference test.

Discussion

The present study was conducted to explore the role of potentially important PGRs, i.e., SA, PRO, TU, and MLE, on the physiological performance of P. ovata under salinity stress. Salinity is deleterious as it hampers the growth and development of plants primarily by affecting photosynthetic activity (Zahra et al., 2021b; Saddiq et al., 2021a; Saddiq et al., 2021b.). Various researchers document that salinity significantly leads to a reduction in Chl contents in numerous plant species, including wheat (Saddiq et al., 2021b), camelina (Huang et al., 2021), and pepper (Sarwar et al., 2022). The rate of electron transport and activity of PSII was also inhibited under NaCl-treated cucumber (Zhang et al., 2022). Our results agree with the study of Yadav et al. (2020), who observed that salinity treatment particularly reduces the photosynthetic pigments; however, when PGRs, especially PRO and TU, were applied in this study, the contents of photosynthetic pigments (Chl a, b, and carotenoids) increased under salinity stress (Figs. 1A and 1C). Similar findings were documented (Zahra et al., 2021a), wherein the application of PGRs profoundly impacted the content of photosynthetic pigments in plants under saline stress. Thus, the present study further validates that Chl a, b, and carotenoids content increases by foliar supplementation of PGRs under salinity stress (Figs. 1A and 1C), thereby improving/protecting the photosynthetic efficiency of the plant (Koo et al., 2020).

Various studies have documented that plant species vary in their strategy to cope with stress, e.g., salinity stress (Flowers and Colmer, 2008; Raza et al., 2022a); in many plants, the compatible osmoprotectants, i.e., (PRO and soluble sugar) are produced to protect the cells against adverse impacts of salt stress, particularly, high accumulation of PRO is associated with stress tolerance (Rady et al., 2018; Wang et al., 2017). The fundamental mechanisms of SA-induced tolerance of abiotic stress involve SA-mediated PRO, GB, amines, and soluble sugars, which are highly helpful in maintaining the osmotic homeostasis and improving the production of secondary metabolites, such as terpenes, phenolics, nitrogen, and sulfur compounds (Koo et al., 2020; Sabagh et al., 2021). The present study showed that the concentration of soluble sugar in the shoot was the highest under salinity stress as compared to that in the roots. This increase in the amount of soluble sugar was due to the role of PGRs that effectively hampered salinity stress (Figs. 2C and 2D). Further, the osmoprotectants, free PRO, i.e., endogenous PRO both in shoot and root, increased with the foliar supplementation of MLE under salinity stress (Fig. 3B). Thus, this study proves the potential novelty of MLE, which is the best source to cope with salinity stress and facilitates better growth and development of plants in terms of physiological attributes (Zahra et al., 2021a).

Phenolic compounds are highly recognized as secondary metabolites, which play a crucial role in the protection of plants against oxidative stress. Enhanced phenolic compound synthesis is reported to be one of the most significant defensive strategies that help plants to tolerate stress (Kumar et al., 2020). Parida et al. (2004) documented a significant increase in phenolic compounds along with flavonoids content in Aegiceras corniculatum at moderate and at maximum salinity levels, indicating the significant role of such compounds in a relationship with carotenoids by showing enhanced tolerance to salinity stress. However, in the present study, the contents of anthocyanins in both root and shoot were enhanced by the application of TU under salinity stress, and the content was higher in the as compared to roots (Figs. 2A and 2B). Similarly, the phenolic content was also higher in shoots as compared to the roots. The highest content of soluble phenolics was observed under SA and PRO foliar spray in shoots and roots, respectively, of salt-stressed plants proving the protective role of these PGRs in saline-stressed plants (Figs. 2E and 2F).

The toxicity of Na+ leads to ROS production, which also increases the damage to the membrane due to lipid peroxidation (Ali et al., 2021) and the MDA formation is the final product of lipid peroxidation during oxidative stress (Yadav et al., 2020). A minimum concentration of MDA implies protection against oxidative stress, which is also correlated with a maximum increase in the antioxidant activity in plants (Koca et al., 2007). Under stressful conditions, antioxidant enzymes, i.e., ascorbate peroxidase and catalase are reported to protect the cellular structures from oxidative stress via ROS scavenging, thereby enhancing stress tolerance (Hasanuzzaman et al., 2020). Abdelaziz et al. (2018) reported the difference in concentration of MDA in rice cultivars under salinity stress, while our results suggest that under the essential role of different PGRs, such as TU and PRO, the concentration of MDA decreases. The present study further documents significant results by demonstrating that MDA content in P. ovata increased in the roots and was higher as compared to that in the shoot, thereby suggesting that the roots are exposed to a severe influx of salt (Figs. 4C and 4D). Correspondingly, H2O2 accumulation was also higher in roots as compared to the shoot, but PGRs played a potential role in minimizing the impacts of salinity in both (root and shoot) (Figs. 4A and 4B). For these oxidative parameters, PRO was the most effective treatment for hampering the concentration/synthesis of ROS under salt stress. Thus, foliar supplementation of PGRs can be recommended to enhance the tolerance potential of plants under salinity stress.

Conclusion

To conclude, salinity adversely affects physio-biochemical attributes; however, when plants are foliar supplemented with PGRs (such as SA, MLE, PRO, and TU), the impacts of salinity stress is alleviated by improving the content of photosynthetic pigments and enhancing the accumulation of various metabolites thereby improving the stress-tolerance potential of plants. Thus, exogenous supplementation, particularly foliar supplementation, can be recommended as an effective strategy to help plants to cope with the adverse impacts of salinity stress. Furthermore, omics approaches are needed to explore the tolerance genes in various medicinal plants growing on saline soils.
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